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Many plants use the seasonal change in daylength
as a signal for flowering. Daylength sensing in
Arabidopsis has now been shown to occur by an
external coincidence mechanism, which operates by
the circadian and light regulation of CONSTANS.
Daylength sensing, or photoperiodism, has fascinated
biologists for greater than a century. Work on plants in
particular has provided insight into the physiological,
and now molecular, mechanisms that underlie this
dynamic process [1]. Photoperiodic perception is one of
the most significant environmental interactions a plant
has — so much so that the change of photoperiod
throughout the year is perceived as a cue for seasonal
change. One of the most profound, and often beautiful,
hallmarks of a plant’s response to seasonal change is
the developmentally timed generation of flowers. The
molecular events that constitute floral timing in response
to inductive photoperiods are starting to be resolved. 
Molecular genetic analyses have identified photo-
receptors and light-signaling components, and compo-
nents of the circadian system, which are essential for a
plant to make a proper photoperiodic response [2].
Independent studies by the Carre [3] and Kay [4] groups
have now provided a molecular foundation for under-
standing how light perception is integrated with the cir-
cadian system in the generation of a photoperiodic
response. Their work supports the classical ‘external
coincidence’ model (Figure 1), which functions through
the circadian expression of the CONSTANS gene and
light activation of the encoded protein [3,4].
Light perception is a critical determinant of floral
timing, either promoting or delaying flowering, accord-
ing to circumstances. In the model plant Arabidopsis,
two main photoreceptor families regulate the floral tran-
sition: the red/far-red-absorbing phytochromes and the
UV/blue-light-absorbing cryptochromes. Mutations in
the red-light receptor phytochrome B result in early
flowering, particularly in the absence of an inductive
photoperiod. This establishes this receptor as a repres-
sor of flowering time [5]. Mutations in cryptochrome 2
cause delayed flowering time under inductive photope-
riods. Thus, cryptochrome 2 is a promotive receptor of
flowering time [6]. The competition between these two
receptors could act in the determination of repression
or activation of reproductive development [5,6].
In addition to its role in directly initiating flowering,
light also serves as an entraining signal in resetting a
plant’s circadian clock. It is likely that all five phy-
tochromes regulate red/far-red entrainment signals.
Additionally, the two cryptochromes regulate blue-light
resetting of the clock [7]. The use of multiple photore-
ceptor systems allows for tight control of the period
and phase of the oscillator. Interestingly, a quadruple
photoreceptor mutant defective in the four most active
photobiological plant visual pigments turns out to be
robustly entrained by light [8], so the ‘minor’ photo-
receptors must be sufficient for circadian entrainment.
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Figure 1. Two models for photoperiodic timing.
In the external-coincidence model (top), a physiological
response, such as flowering, is triggered when light perception
coincides with the time when expression of a circadian-regu-
lated gene exceeds a required threshold. In the examples,
shown here, under long days (LD), light is perceived both at
dawn and dusk of the expression phase, whereas under short
days (SD), threshold expression is restricted to the dark. The
green line indicates the threshold; the yellow and gray boxes
indicate the periods of light and darkness, respectively; and the
black curve represents a circadian-regulated factor that is acti-
vated only in the presence of light. In the internal-coincidence
model (bottom), the effect of light is simply to entrain two dis-
tinct circadian oscillators. In the example shown, long days
cause the two rhythms to be entrained with similar phases; this
could generate two regulatory molecules that require each
other’s activity for physiological function. Under short days, the
phases of the two entrained rhythms are further apart; this
could restrict the simultaneous expression of two factors, thus
inhibiting their co-action.
LD: Two rhythms entrained together
SD: Two rhythms entrained apart
Internal coincidence
LD: Threshold exceeded in the light
SD: Threshold restricted to the dark
External coincidence
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The circadian system is crucial for photoperiod
perception, as alterations in clock function alter the
induction of flowering time. In fact, many genes that
regulate clock function were originally isolated as
floral-timing mutants [9–11]. From work on toc1, cca1
and lhy mutant lines, a molecular model for the central
oscillator was proposed [12]. In this model, TOC1
expression in the night activates CCA1 and LHY; 
the resulting CCA1/LHY expression in the morning
represses TOC1 expression. This repression is re-
lieved by a decay in CCA1/LHY expression, so that
TOC1 levels increase again in the subsequent night,
closing the 24 hour loop. New data [9–15] argue
against this model, however, as it appears that LHY
and CCA1 are not absolutely required for circadian
function. This has led to an alternative model, in which
sequential periodic expression of TOC1 and its four
homologs generates the oscillator [13–15]. Regardless
of the exact molecular details of the oscillator, it is
clear that the circadian system integrates photoperiod
perception [3,4,9,16].
Photoperiodism is a coordinated response to light in
relation to the time of day. Two models have been
framed to describe how ambient light is compared to
the circadian system in the interpretation of daylength
[1] — the ‘external coincidence’ and ‘internal coinci-
dence’ models, formally described in Figure 1. The link
in Arabidopsis between light perception, the oscilla-
tor and flowering time appears to be the transcrip
-tion factor CONSTANS (CO) [16]. Loss-of-function co
mutants flower late in inductive long days, whereas
ectopic overexpression of CO promotes early flowering
independent of daylength. Further, CO expression level
is reduced in late-flowering gi and lhy mutants [16], and
elevated in early-flowering elf3 and elf4 mutants [9,16].
Defects in CO expression can thus explain the opposite
effects on flowering time of these mutations.
CO expression in Arabidopsis is modulated by light
perception and the circadian oscillator, and so is
dynamically regulated by daylength. In long-day
photoperiods, CO abundance is high at the beginning
and end of the photoperiod, but in short days, CO is
restricted to the dark phase of the day. It was thus pro-
posed that CO expression induces flowering as a func-
tion of daylength via a light-dependent post-transcrip-
tional process that requires a threshold level of circa-
dian transcribed CO [16]. Further support for this view
comes from the finding that the expression of the CO
target gene FLOWERING LOCUS T (FT) is restricted to
when the expression of CO is coincident with light [16].
Although this supports an external-coincidence model
for flowering time, only the requirement of light was
directly examined in these experiments.
In separate studies, Roden et al. [3] and Yanovsky
and Kay [4] have firmly established that timing is a
critical factor in floral promotion. The simple, yet
elegant, trick used by Roden et al. [3] to elucidate the
requirement for timing involved exposing plants to
non-24 hour days. Under such timing regimes, circa-
dian markers were found to correlate directly with
timing relative to dawn and dusk [3]: a lengthened day
advances the phase of circadian rhythms, whereas a
shortened day delays circadian rhythms. These
advances and delays correlate with flowering time [3],
indicating that the clock provides temporal informa-
tion on the phase relationship of light perception and
clock entrainment.
From their study, Yanofsky and Kay [4] conclude
that integration of light and temporal information
occurs at the level of CO activity. They found that, after
many different perturbations — for example, changes
to the daily cycle, light regime or genetic background
— then if CO is expressed coincidentally with the light
phase, FT is expressed and flowering occurs [4]. They
extended their work to investigate which aspects of
the light environment are required for CO induction of
FT. Their genetic results suggest that phytochrome A
and cryptochrome 2 are the photoreceptors recruited
in CO activation [4]. It is now firmly established that
daylength regulation of flowering time occurs in Ara-
bidopsis via external coincidence of light perception
when the circadian expression of CO is above a
threshold [3,4,9,10,16]. Such coincidence can induce
flowering at either dawn or dusk. [4,16].
Armed with a solid model of daylength discrimination
(Figure 2), a slew of biological questions can now 
be tackled. Although it is clear that light activation of
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Figure 2. A molecular model of photoperiodic regulation of
flowering time in Arabidopsis.
The photoreceptors phytochrome and cryptochrome perceive
light [7]; their response is integrated with the entrainment
factors ZTL/FKF/FKL1 and ELF3, leading to the coordinated
expression of the circadian-regulated genes CCA1, LHY and
ELF4 [2,9]. Either peripherally or centrally, CCA1, LHY and ELF4
are integrated with the circadian oscillator [9,10]; this likely
involves the five ‘pseudo-response regulators’ (APRRs) [13–15]
and perhaps also GI [11]. One output of this entrained circadian
oscillation is periodic expression of the floral-timing gene CO
(black line) [3,4,16]. Under a short-day cycle — the first of the
two days illustrated — the CO expression level exceeds the
threshold level (green line) only in the dark phase of its expres-
sion, so it is biologically inactive. Under a long-day diurnal
cycle — the second day shown, with the longer yellow band —
CO expression exceeds threshold at dawn and dusk. Light
activation of CO is mediated by blue-light perception from
cryptochrome 2 (cry2) and via far-red-light perception from
phytochrome A (phyA) [4]. CO activation at either dawn or dusk
leads to diurnal cycling of FT expression [4,16], which initiates
the transition from vegetative to reproductive development by
the activation of developmental pathways. (The features of the















circadian-regulated CO induces FT expression, and
thus flowering, it is entirely unclear how light causes a
change in CO activity. And how is it that cryptochrome
2 and phytochrome A, and not the other photorecep-
tors, cause this change? Many plants — so-called
short-day plants — sense the dark period and not the
light period of a diurnal cycle. How does this perception
occur? Does it involve dark-activation of CO expres-
sion? Also, how is the seasonal perception of daylength
coordinated with vernilization, the winter-induced alter-
ation of flowering time? Understanding the interactions
between photoperiodism and vernilization will complete
our understanding of season perception in plants [17]
— at least with regards to the beautiful flowers.
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